THE work described in this paper and in parts of three further publications represents a continuation and extension of an earlier publication on the effect of branching on the viscosity of dilute solutions of polyvinyl acetate t. In this, the first paper of the present series, the preparation, fractionation, and characterization of linear and randomly branched polymers of vinyl acetate will be described. The fractions were characterized by dilute solution viscosity, light scattering, and hydrolysis measurements. The effect of the rate of shear upon the viscosity of dilute solutions was also observed and will be discussed in terms of the molecular weight and structure of the fractions.
THE work described in this paper and in parts of three further publications represents a continuation and extension of an earlier publication on the effect of branching on the viscosity of dilute solutions of polyvinyl acetate t.
In this, the first paper of the present series, the preparation, fractionation, and characterization of linear and randomly branched polymers of vinyl acetate will be described. The fractions were characterized by dilute solution viscosity, light scattering, and hydrolysis measurements. The effect of the rate of shear upon the viscosity of dilute solutions was also observed and will be discussed in terms of the molecular weight and structure of the fractions.
The synthesis of comb-shaped branched polymers of vinyl acetate by a grafting technique is described in the second paperL By that process branches of specified length and number were attached to backbone linear polymers of narrow molecular weight distribution.
A comparison of some dilute solution properties for fractions of linear, randomly branched, and the comb-shaped branched polymers is presented ditions are reported to yield essentially linear molecules s'7. The fact that the intrinsic viscosities of sample 5 and two of its fractions were not significantly reduced after hydrolysis and re-acetylation, as shown in Table 4 , is strong support of the assumption that the material is linear in structure.
Samples 3 and 4 were of the commercial type, prepared by the suspension polymerization method to high conversion at a relatively high temperature. Both were highly branched and high in molecular weight but entirely soluble in benzene. Both samples were prepared by Mr WeUman of the Colton Chemical Company, Cleveland, Ohio, by a technique similar to that described by Schildknecht 8. The substantial reduction of the intrinsic viscosities of sample 4 and several of its fractions after hydrolysis and reacetylation, as shown in Table 4 , indicates that the material is highly branched. From the method of preparation it is considered that the branching is random in nature.
Fractionation--The samples were fractionated by the partial precipitation method using the solvent-non-solvent system of acetone-n-heptane 1 at 35.0 ° +0.02°C. The polymer concentration was 10 g/1. or less during the fractionations. After isolation, the fractions were dissolved in benzene and recovered by freeze drying. Most of the primary fractions were subjected to a second fractionation and some of these secondary fractions were subjected to an additional fractionation. A code used to designate the fractions consists of a series of digits: the first digit denotes the unfractionated sample, the second indicates the primary fraction in order of its isolation, 480
PROPERTIES OF BRANCHED POLYVINYL ACETATES I and the third and fourth digits have similar significance for the secondary and tertiary fractions, respectively. The fractionation data for the fractions of samples 4 and 5 are listed in Tables 2 and 3 . 
Hydrolysis and re-acetylation
The procedures employed were similar to those described by Wheeler et al) and the results are tabulated in Table 4 . Polymer was hydrolysed by treating a methanolic polymer solution (0"75 g/dl) with ten parts of a five per cent solution of potassium hydroxide in methanol. The reaction mixture was held at 35°C for five to ten hours until the precipitation of polyvinyl alcohol was complete. The polyvinyl alcohol was separated, washed with methanol, and dried. The product was then re-acetylated by treatment with 40 ml (per gramme of polymer) of a mixture of acetic anhydride, acetic acid, and pyridine (in proportion of 15:5:1). The mixture was held at 100°C for one to two days or until the dissolution of the polyvinyl alcohol was complete. The reconstituted polyvinyl acetate was separated by pouring the reaction mixture into a large excess of water. The product was washed with water, dissolved in benzene, and recovered by the freeze-drying technique.
Viscosity measurements
The viscosity measurements were made with a modified Ubbelohde suspended level viscometer 1°. The capillary was 18"5 cm long, with an inside diameter of 0"0356 era. Flow measurements were made at 35"0 ° +0.02°C on benzene as solvent and at five solution concentrations so adjusted as to L. M. HOBBS and V. C. LONG In addition to the viscosity measurements made under free fall conditions, the viscosities of selected linear and branched fractions were studied over a range of shear rates from about 500 tO 5 000 sec -1. Shear rates above that at free fall (1 920 sec -1 for benzene) were obtained by applying air pressure to the top of the liquid in the capillary to increase the flow rate. Shear rates below that at free fall were obtained by applying air pressure to the bottom of the liquid in the capillary to retard flow. The results were carefully examined for evidence that application of air pressure at the 482 PROPERTIES OF BRANCHED POLYVINYL ACETATES I bettom of the liquid in the capillary might sufficiently deform the suspended level to cause erroneous measurement. However, since plots of solvent flow time versus shear rate showed no abnormal behaviour or discontinuity, the technique was judged to be satisfactory for the purpose of this study.
The water manostat used to control the air pressure was similar to that described by Sharman et al. 13 with the addition of a constant-head water supply. Flow times were reproduceable to approximately +0"2 per cent in the shear range indicated above. A kinetic energy correction of 20It was subtracted from all flow times, where t is the flow time at free fall. Consideration of the Poiseuille equation shows that the kinetic energy correction is essentially independent of shear rate 5.
The maximum rate of shear at the capillary wall was used in all correlations and was calculated by the following equation
where r and L are the radius and length of the capillary, respectively, g is acceleration of gravity, h is average effective height of the driving head and d its density, % is solvent viscosity, and q, is the relative viscosity of the solution. A more precise calculation for D which accounts for nonNewtonian flow, suggested by van Oene and Cragg 1~, was not used because the correction was small under the conditions of this study and would not have significantly altered the correlations. For example, the correction for one of the most non-Newtonian cases, fraction 3-3, was only 1'5 per cent. Likewise, a similar correction to ,/r was omitted because the correction was small, about 1-5 per cent for fraction 3-3, compared to the observed changes in ,/r.
Light scattering measurements
The light scattering measurements were made with a Brice-Phoenix light scattering photometer, model number 1410, using a cylindrical type scattering cell with flat entrance and exit windows. The measurements were made with 4 358 A light, and methyl ethyl ketone was employed as the solvent, taking 0'080 as the value of dn/dc 15. 
The above is typical behaviour for linear and branched materials.
The polymer fractions are believed to be relatively narrow in molecular weight distribution because of the fractionation technique employed. This is particularly true of the secondary and tertiary fractionS It is realized; however, that the branched fractions must be somewhat more polydispersed because of the dependence of solubility on both molecular weight and structure.
An estimate of the degree of polydispersity was obtained for the linear fractions of series 5 from the shape ofthe r_eciprocal scattering curve of the light scattering datalL The ratio of Mw/M, averaged about 1"1 for these fractions. Although this method for estimating polydispersity is not applicable to branched polymers, the shape of the scattering envelopes of the branched fractions supports the contention that they are reasonably narrow fractions. 
Identification of structure by hydrolysis and re-acetylation--Branching
in polyvinyl acetate that results from chain transfer mechanisms may be classified as two types. Branches attached to the backbone chain via acetate groups are of the hydrolysable type, and branches connected directly to the backbone by C--C bonds are non-hydrolysable. Both types of branching may be minimized by polymerization at low temperature and low conversion. The decrease in intrinsic viscosity and molecular weight of the branched fractions of sample 4, Table 4 , is a sensitive indication of the presence of hydrolysable branches, even for the lower molecular weight fractions which contain relatively few branches. The absence of a change in intrinsic viscosity of the linear polymer, sample 5, Table 4 , establishes the absence of hydrolysable branches. Since the linear polymer was prepared at low temperature (-19°C) and low conversion (4-10 per cent) it is assumed that the material also contains no non-hydrolysable branches and is, indeed, truly linear in structure.
The presence of non-hydrolysable branches in the branched material becomes apparent when the molecular weight of the hydrolysed and re-484 PROPERTIES OF BRANCHED POLYVINYL ACETATES I acetylated product calculated from {,dn by equation (4) is compared to the molecular weight of the same product from light scattering for fractions 4--4-2 and 4-1-1-1, Table 4 . The fact that the measured molecular weight is greater than the calculated value is taken as evidence of non-hydrolysable Table 4 
Non-Newtonian viscosity behaviour of dilute solutions
In studying the high molecular weight fractions, it was of interest to determine for the polyvinyl acetate-benzene system whether non-Newtonian behaviour affects the values of [7] and k" of the Huggins equation as they are normally measured in a capillary viscometer and whether it affects the ratio of the intrinsic viscosities of branched and linear polymers,
of a given molecular weight, a function that is utilized in estimating the degree of branching in Part IIP of this series of papers. Furthermore, it was desired to examine the effects of changes in shear rate upon the viscosities of linear and branched fractions as a possible means for detecting the presence of branched structures.
The viscosities of dilute solutions of selected linear and branched fractions were measured over a range of shear rates of approximately 500 to 5 000 sec -1. A typical graph of the reduced specific viscosity, ,hp/c, versus shear rate, D, is shown in Figure 2 . The curvature of the lines is due to the nonNewtonian character of the solutions. This curvature is large for polyvinyl acetate fractions of high molecular weight and, for a given fraction, it is somewhat greater at the higher concentrations. The straight line drawn across the curves represents the shear rates for the normal measurement at free fall, that is, at the shear rates produced in the particular viscometer with the particular solutions by gravity. Under free fall conditions, the more concentrated or more viscous solutions are subjected to relatively lower Table 5 . It was also observed that a plot of the shear rates at free fall condition versus concentration yielded a straight line from which the shear rate at infinite dilution under free fall was found to be 1 920 sec -1, or the value calculated for the solvent. With this information, equation 5 at zero concentration becomes
where [r/]D=~920 is the intrinsic viscosity determined at infinite dilution and as the shear rate approaches that of pure solvent, i.e. the usual free fall intrinsic viscosity. Thus equation (6) Table 5 , are useful as points of reference in comparing the effects of rate of shear encountered in routine measurements upon the viscosity properties of the linear and branched fractions. It is not suggested that they would be identical with results obtained by measurements at very low shear rates.
As noted in connection with Figure 2 In Figure 5 , the plot of the shear sensitivity function, ]c=0, versus Huggins k' shows the existence of a direct relationship between the two variables which, again, is insensitive to the presence of branching. Since ]c=0 is a direct function of molecular weight (Figure 4 ) it must be concluded that 
